Introduction
In exploratory spatial data analysis spatial variation in disease risk is described using tools such as point maps, kernel smoothing and maps of relative risk or conditional probability. These allow us to generate hypotheses that provide insight as to why disease is abundant in some areas but not in others.
Our motivation in this study was to explore data from the Danish Swine Salmonellosis Control Programme (DSSCP). An objective of the DSSCP is to reduce the prevalence of Salmonella so that domestically produced pork is no longer an important source of human cases. At the time of writing this objective has largely been achieved and at present, focus is increasingly on the efficiency of surveillance.
In the light of this focus on efficiency, we use a novel kernel estimator with a spatially adaptive smoothing bandwidth to produce estimates of the conditional probability of Salmonella risk across Denmark. Identified areas with high probability of risk could be targeted for increased surveillance, while those with a low probability could be less frequently surveyed. Earlier spatial analyses of data from the DSSCP have described the geographical distribution of sero-prevalence (5) , and fitted county of origin as a fixed effect in regression models that aimed to quantify the effect of factors that influence Salmonella sero-prevalence (2) . These studies have only considered data from 1995 from the DSSCP while the analyses presented here consider data from 1995 to 2004. The identification of spatial patterns in the data will inform further, more detailed analyses as well as highlight areas with abundant Salmonella infection for targeted surveillance.
Materials and methods
The DSSCP is based on the random testing of post-slaughter meat-juice samples from all finisher pig-herds that have an annual kill of greater than 200 finishers (1) . Two extracts of data were obtained from the database of the DSSCP from 1 January 1995 until 31 December 2004 (inclusive). The first provided farm level information which, due to the near complete coverage of sampling, effectively gave us a census comprising 99% of the population of Danish finisher swine herds. Recorded easting and northing coordinates were provided for 14,319 farms, while the remaining 8,025 had coordinates randomly generated within their respective communes. The second data extract provided information relating to the 6.8 million individual carcasses that were tested: date of sampling, the unique farm identifier, and the result of the Danish-mix ELISA. A result of greater than 20% optical density was classified as positive.
An important concept when describing spatial variation in risk is to adjust for the underlying population structure. In our analysis we depart from the classic 'case control' design as we have a census of pig farms. This means we can directly estimate the intensity of disease as follows:
Equation 1 represents the probability of a farm being a case, conditional on its location. For each year of the study period farms were defined as cases if the proportion of sampled pigs that were positive was greater than or equal to 0.40, otherwise farms were defined as non-cases. We chose this cut-off as it is the cut-off between levels 1 and 2 of the serological Salmonella finisher index (1) . The function ) ( 1 x λ is the intensity of cases at an arbitrary point x, and ) ( 0 x λ is the intensity of non-cases at an arbitrary point x.
We obtained plug-in estimators of 1 λ and 0 λ using kernel smoothing: 
( ) K ⋅ being a radially symmetric kernel function and h a smoothing parameter (the bandwidth). The performance of the kernel density estimator depends on the choice of h. Fixed bandwidth kernel density estimators, as in Equation 2, perform poorly when there is large spatial variation in the density of the population, resulting in an over-smoothing in areas of high density and under-smoothing in areas of low density.
We addressed this limitation by estimating conditional probability surfaces of a farm being a case for each year of the study period using a bandwidth selection method which implements spatially adaptive smoothing. Specifically, we used sample point dependent bandwidths in Equation 2, so that for the ith term in summation the bandwidth becomes . This bandwidth can be conveniently decomposed as ( ) We selected the local bandwidth factors and global multiplier using a novel generalization of the methodology of Hazelton (4) , extended from the case of one dimensional x values to two dimensional geographical locations. Local bandwidth factors are selected so that regions with a high intensity λ of farms have smaller bandwidths than regions with low intensity. This means that data rich areas of fine detail receive far less smoothing than geographical regions where the data are sparse. Another important outcome of this methodology is that the estimated conditional probability surfaces are consistent at the boundary without any additional correction for bias introduced by edge effects.
The adaptive bandwidth was implemented within the computer programme R (http://www.r-project.org/) and the code is available by email request (M.Hazelton@massey.ac.nz).
Results
Figure 1 presents image plots of the conditional probability of a farm being a case comparing the novel adaptive bandwidth to a fixed bandwidth (16 km) for two years of the study period. The solid contour lines delineate the upper fifth percentile of Salmonella risk clearly showing areas where the conditional probability of a farm being a case is high. The dashed contour lines delineate the upper twenty-fifth percentile of risk. The variable bandwidths ranged between 4.4 and 62.5 kilometres. Two spatial trends that were consistent throughout the whole study period: (1) over the whole country there is increased conditional probability of a farm being a case on Jutland and Fyn when compared to Zealand; and (2) on the Jutland peninsula high conditional probabilities are in the south (especially the south-west) and to a lesser extent in the north.
When compared with maps generated using a fixed bandwidth, those generated using the adaptive bandwidths had enhanced detection of high risk areas due to their compensation for changes in the population at risk. For example we identify two circular contour areas A (Adaptive 1998) and B (Fixed 2004) as shown in Figure 1 . On examination of point maps we find area A is data-sparse with a high proportion of cases, whereas area B is data-rich with an "average" proportion of cases. Area A is correctly identified as a high-risk area in the adaptive bandwidth map (1998) but relatively over-smoothed in this data-sparse area in the fixed bandwidth map. Conversely area B is spuriously identified as high-risk in the fixed bandwidth map (2004) due to relative under-smoothing in this data-rich area.
In addition to the broad spatial trends, maps generated using the adaptive bandwidth showed evidence of aggregation of case farms visible as dark areas of varying diameter on the probability surfaces in Figure 1 .
Discussion
The kernel estimation of spatial relative risk is a useful tool in epidemiology which has been previously constrained by instability in estimates in areas where data are sparse (3) . Our application of a method for bandwidth selection which implements spatially adaptive smoothing overcomes this constraint and has the added advantage of self-correcting for edge effects. When compared with estimates computed using a fixed bandwidth, we were able to demonstrate appreciable improvements in performance with correction of over-smoothing in areas of low density, and under-smoothing in areas of high density. We believe this technique is a valuable addition to the repertoire available to spatial epidemiologists.
The spatial patterns of Salmonella risk reported here allow us to generate a number of hypotheses including that the pattern is due to risk factors acting on a broad spatial scale such as a common infected source of pigs, contaminated feed, or regional biosecurity or management practices.
As this is a descriptive study we set out to generate hypotheses rather than specifically address the factors that may explain the patterns observed. By identifying these spatial patterns we have highlighted the south-west of Sonderjylland on the Jutland peninsula as an area for further investigation and targeted surveillance. Furthermore our exploration of the data has identified that case farms tend to aggregate. 
